YbaO is an uncharacterized AsnC-family transcription factor of Escherichia coli. In both Salmonella enterica and Pantoea ananatis, YbaO homologues were identified to regulate the adjacent gene encoding cysteine desulfhydrase for detoxification of cysteine. Using the genomic SELEX (systematic evolution of ligands by exponential enrichment) screening system, we identified the yhaOM operon, located far from the ybaO gene on the E. coli genome, as a single regulatory target of YbaO. In both gel shift assay in vitro and reporter and Northern blot assays in vivo, YbaO was found to regulate the yhaOM promoter. The growth of mutants lacking either ybaO or its targets yhaOM was delayed in the presence of cysteine, indicating involvement of these genes in cysteine detoxification. In the major pathway of cysteine degradation, hydrogen sulfide is produced in wild-type E. coli, but its production was not observed in each of the ybaO, yhaO and yhaM mutants. The yhaOM promoter was activated in the presence of cysteine, implying the role of cysteine in activation of YbaO. Taken together, we propose that YbaO is the cysteine-sensing transcriptional activator of the yhaOM operon, which is involved in the detoxification of cysteine. We then propose the naming of ybaO as decR (regulator of detoxification of cysteine).
INTRODUCTION
L-Cysteine (hereafter referred to cysteine in this report) is one of the essential amino acids, playing an important role in the control of functional conformation of a number of proteins through the reversible formation of intra-and inter-molecular disulfide bonds (Hatahet et al., 2014) . Cysteine is also a source of sulfur for synthesizing various sulfur-containing compounds in living organisms. In Escherichia coli, cysteine is synthesized de novo from serine, which is converted into O-acetylserine by the enzyme serine acetyltransferase (CysE) (Kredich, 1992; Nakamori et al., 1998) . Formation of cysteine from O-acetylserine and hydrogen sulfide is catalysed by two isozymes, cysteine synthase A (CysK) and cysteine synthase B (CysM). The genes involved in cysteine metabolism are regulated by transcription factor (TF) CysB that senses N-acetylserine but does not sense cysteine directly (Jagura & Hulanicka, 1981; Kredich, 1992; van der Ploeg et al., 1997; Lochowska et al., 2001) . Free cysteine is, however, toxic to both prokaryotes and eukaryotes (Sorensen & Pedersen, 1991; Hennicke et al., 2013) . Because of its toxicity, free cysteine in bacterial cells is maintained at minimum levels, and unused excess cysteine is rapidly degraded by cysteine desulfhydrase (CDS) into hydrogen sulfide, pyruvate and ammonium (Awano et al., 2005) .
The genes encoding CDS have been identified in two Enterobacteriaceae species: the cdsH gene in Salmonella enterica serovar Typhimurium (Oguri et al., 2012) and the ccdA gene in Pantoea ananatis (Takumi & Nonaka, 2016) . The CDS gene is regulated by a TF CutR (cysteine utilization regulator) in S. enterica and CcdR (cysteine-inducible CDS regulator) in P. ananatis. In both cases, the regulator gene is located adjacent to the respective CDS gene, together forming the divergent transcription unit. In the E. coli genome, however, a homologue of the Salmonella cdsH gene and the Pantoea ccdA gene does not exist. Instead five enzymes (CysK, CysM, MalY, MetC and TnaA) have been proposed to exhibit the CDS activity (Awano et al., 2005) . However, the mutant lacking all these five enzymes still exhibits a certain level of the CDS activity, suggesting the presence of an as yet unidentified CDS enzyme in E. coli.
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One supplementary table is available with the online Supplementary  Material. the regulator of the respective CDS gene. In the vicinity of E. coli ybaO gene, the cof gene encoding pyridoxal phosphatase is located upstream of ybaO with the same polarity. Downstream of the ybaO gene, the mdlAB genes encoding the predicted multi-drug ABC-superfamily transporter are located again on the same polarity. Up to the present time, the specific function of YbaO remains undefined. As an attempt to examine the regulatory function of YbaO, we first searched in this study for its regulatory target(s). As a shortcut approach for identification of the regulation targets by as many as about 300 DNA-binding TFs in E. coli, we have developed an improved system of genomic SELEX (systematic evolution of ligands by exponential enrichment) (Shimada et al., 2005) , and have successfully applied this approach for the identification of the regulation targets for a number of TFs (for instance, see Ishihama et al., 2016) . The genomic SELEX screening system is particularly useful for identification of regulation targets and regulatory roles of hitherto uncharacterized TFs, such as YeaM (renamed to NimR), YbjK (renamed to RcdA), YcjZ (renamed to PgrR), YcdC (renamed to RutR), YdcN (renamed to SutR), YdhM (renamed to NemR) and YgiP (renamed to Dan) (all cited in Ishihama et al., 2016) , YbiH (renamed to CecR) (Yamanaka et al., 2016) and YedW (renamed to HprR) (H. Urano and others, unpublished).
Using the genomic SELEX screening, we identified a strong YbaO-binding site in this study only at a single site located at the promoter region of the uncharacterized yhaOM operon, which is located far from the ybaO gene on the E. coli genome. The gel shift assay in vitro and the reporter assay and Northern blot analyses in vivo altogether indicated the involvement of YbaO as a regulator of the yhaOM operon. In Yersinia ruckeri, the YhaOM homologues CdsAB have been proposed to be involved in cysteine uptake and virulence (Mendez et al., 2011) . The CdsB protein is a homologue of the Methanocaldococcus jannaschii CDS gene (Tchong et al., 2005) , of which the sequence is different from the known CDS genes in S. enterica serovar Typhimurium (Oguri et al., 2012) and P. ananatis (Takumi & Nonaka, 2016) . After comparison of cell growth in the presence of all 20 amino acids individually, the mutants lacking ybaO, yhaO or yhaM were all found to be sensitive to cysteine, suggesting the involvement of these genes in the detoxification of cysteine in E. coli. In fact, YbaO exhibited cysteine-dependent regulation of the yhaOM genes. The degradation of cysteine by CDS is the major pathway of cysteine detoxification. In fact, we detected the production of hydrogen sulfide, a degradation product of cysteine by CDS, for wild-type E. coli but failed to detect it for the mutants lacking YbaO, yhaO or yhaM. We then propose to rename YbaO to DecR (regulator of the detoxification of cysteine). Overexpression of DecR led to recovery of the activity of hydrogen sulfide production, implying the involvement of the yhaOM operon in detoxification of cysteine and its regulation under the direct control by DecR.
METHODS
Bacterial strains and plasmids. E. coli DH5a was used for plasmid amplification. E. coli BL21 (DE3) was used for DecR expression. E. coli BW25113 (W3110 lacIq D(araD-araB)567 DlacZ4787(::rrnB-3) l À rph À1 D(rhaD-B)568 hsdR514) (Datsenko & Wanner, 2000) and single-gene deletion mutants, JW0437 (ybaO), JW5519 (yhaO) and JW5518 (yhaM) (Baba et al., 2006) , were obtained from the E. coli Stock Center (National Bio-Resource Center). Cells were grown in LB or M9-glucose media at 37 C under aeration with constant shaking at 150 r.p.m. When necessary, 0.1 mg ml À1 ampicillin was added into the medium. Cell growth was monitored by measuring the turbidity at 600 nm. For cysteine sensitivity assay, cell growth was monitored automatically every 5 min using an OD-Monitor C & T instrument (TAITEC).
Expression and purification of DecR protein. Expression plasmid pDecR used for over-expression and purification of His-tagged DecR was constructed essentially according to the standard procedure (Shimada et al., 2005) . For construction of plasmid for DecR expression, a DNA fragment corresponding to the DecR-coding sequence was amplified by PCR and cloned into pET21a(+) (Novagen) between NdeI and NotI sites, leading to construct pDecR. For protein expression, pDecR plasmid was transformed into E. coli BL21 (DE3). Transformants were grown in LB medium and DecR expression was induced by adding 1 mM IPTG in the middle of exponential growth phase.
DecR protein was purified by the affinity purification procedure with use of a Ni-nitrilotriacetic acid (NTA) agarose column essentially according to the standard procedure . The affinity-purified DecR protein was stored frozen in the storage buffer (50 mM Tris/HCl, pH 7.6 at 4 C, 200 mM KCl, 10 mM MgCl 2 , 0.1 mM EDTA, 1 mM DTT and 50 % glycerol) at À80 C until use. Protein purity was more than 95 % as checked by SDS-PAGE.
Genomic SELEX screening of DecR-binding sequences. The genomic SELEX system was used as described previously (Shimada et al., 2005 (Shimada et al., , 2011a . The mixture of E. coli genome segments 150 to 300 bp in length was prepared by PCR amplification using the E. coli DNA library (Shimada et al., 2005) . For the genomic SELEX screening of DecR-binding sequences, 5 pmol of DNA fragments and 10 pmol of His-tagged DecR were mixed in 100 µl of binding buffer (10 mM Tris/ HCl, pH 7.8 at 4 C, 3 mM Mg acetate, 150 mM NaCl and 1.25 µg ml À1 bovine serum albumin) and incubated for 30 min at 37 C. The mixture was applied onto a Ni-NTA column, and after washing unbound DNA with the binding buffer containing 10 mM imidazole, DNA-DecR complexes were eluted with an elution buffer containing 200 mM imidazole. This SELEX cycle was repeated four times for enrichment of DecR-binding sequences. DNA was isolated from DNA-DecR complexes by PAGE and PCR amplified. Sequence analysis of PCR-amplified DecR-bound DNA fragments was performed by the SELEX-chip (microarray chip) method. Mapping of SELEX fragments along the E. coli genome was also performed by the SELEX-chip system by using a 43 450-feature DNA microarray (Oxford Gene Technology) (Teramoto et al., 2010; Shimada et al., 2011b Shimada et al., , 2014 . The genomic SELEX sample obtained with use of DecR was labelled with Cy3, while another SELEX sample obtained in the absence of DecR addition was labelled with Cy5. After hybridization of samples to the DNA tiling array, the Cy5/Cy3 ratio was measured and the peaks of scanned patterns were plotted against the positions of DNA probes along the E. coli K-12 genome.
Reporter assay of promoter activity. To measure the activity and regulation of promoters, we employed a LacZ reporter assay using pRS551 plasmid vector (Simons et al., 1987; Shimada et al., 2011a) . Promoter fragments approximately 500 bp in length between the initiation codon and 500 bp upstream sequence were amplified by PCR using a pair of primers (F and R) (for sequences, see Table S1 , available in the online Supplementary Material). The fragments were digested with IP: 54.70.40.11
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BamHI and EcoRI and then ligated to pRS551. Construction of the plasmids was confirmed by DNA sequencing. Plasmids were transformed into test E. coli strains, wild-type BW25113 and decR mutant JW0437. Overnight cultures in LB medium were diluted 1 : 1000 into fresh medium, and cells were grown for 4 h to an OD 600 of 0.4-0.5. The activity of b-galactosidase was measured according to the standard Miller method (Miller, 1972) . The measurement was performed three times to get the average values.
Northern blot analysis. Total RNAs were extracted from exponentially growing E. coli cells (OD 600 =0.4) by the hot phenol method. RNA purity was checked by electrophoresis on 1.5 % agarose gel in the presence of formaldehyde followed by staining with methylene blue. Northern blot analysis was performed essentially as described previously (Shimada et al., 2007) . DIG-labelled probes were prepared by PCR amplification using BW25113 genomic DNA (50 ng) as template, DIG-11-dUTP (Roche) and dNTP as substrates, gene-specific forward and reverse primers and Ex Taq DNA polymerase (Takara). Total RNAs (2 µg) were incubated in formaldehyde-MOPS (morpholinepropanesulfonic acid) gel-loading buffer for 10 min at 65 C for denaturation, subjected to electrophoresis on formaldehyde-containing 2 % agarose gel and then transferred to nylon membrane (Roche). Hybridization was performed with the DIG easy Hyb system (Roche) at 50 C overnight with a DIG-labelled probe. For detection of the DIG-labelled probe, the membrane was treated with anti-DIG-AP Fab fragments and CDP-Star (Roche), and the image was scanned with LAS-3000 IR multi-colour (Fuji Film).
Gel mobility shift assay. Gel mobility shift assay was performed as described previously (Ogasawara et al., 2007; Shimada et al., 2011a) . The probes of promoter region were synthesized using a set of primers (for the sequence, see Table S1 ), BW25113 genome as a template and Ex Taq DNA polymerase (TAKARA). For gel shift assays, 0.5 pmol each of the probes was incubated at 37 C for 20 min with various amounts of DecR in 15 µl of gel shift buffer consisting of 10 mM Tris/HCl, pH 7.8 at 4 C, 150 mM NaCl and 3 mM Mg acetate. In the case of addition of L-cysteine, 1 µl of various concentrations of L-cysteine was added and incubated for another 15 min. After addition of a DNA dye solution, the mixture was directly subjected to 6 % PAGE. The probe DNA in gels was stained by Gel-Red (Biotium) and detected using LAS-3000 IR multi-colour (Fuji Film).
Measurement of hydrogen sulfide formation. H 2 S formation from cysteine was measured by a modified reported procedure (Soutourina, 2001) . The E. coli wild-type and mutant strains were cultured in LB medium (for retention of plasmid, chloramphenicol was added to 30 µg ml À1 ) until cell density OD 600 reached 0.4, respectively. Then cysteine was added to 5 mM final concentration and culture was continued for 1 h. Culture (100 µl) was directly mixed well with 900 µl assay buffer containing 0.1 M potassium phosphate (pH 8.0), 2.5 mM dithiothreitol and 5 mM freshly prepared cysteine. We added 100 µl of 20 mM N',N'dimethyl-p-phenylenediamine dihydrochloride in 7.2 M HCl and 100 µl of 30 mM FeCl 3 in 1.2 M HCl and mixed them well. After incubation for 15 min at room temperature, the level of methylene blue formation was measured at 670 nm with an absorptiometer.
RESULTS AND DISCUSSION

Role of DecR in detoxification of cysteine
In S. enterica serovar Typhimurium, the ybaO gene product CutR is known to regulate the adjoining cdsH gene encoding CDS, which is involved in degradation of toxic cysteine, leading to production of hydrogen sulfide (Oguri et al., 2012) . Likewise, the ybaO gene product CcdR of P. ananatis was recently identified as the regulator that activates the ccdA gene encoding CDS (Takumi & Nonaka, 2016) . Along this line, we predicted that E. coli DecR (renamed from YbaO) might also be involved in a step of cysteine transport and/or catabolism even though the CDS gene has never been identified in E. coli. As an attempt to test this possibility, the possible influence of cysteine addition on cell growth was examined for wild-type E. coli K-12 BW25113 and its otherwise identical decR mutant grown in both rich (LB) and minimal (M9-0.2 % glucose) media. In the absence of cysteine, the growth curve was essentially the same between wild-type and the decR mutant in both media even though the growth rate of both strains is slower in a minimal medium ( Fig. 1a, b ). In the presence of cysteine, however, the growth was delayed for both strains and in both media, indicating the inhibitory effect of cysteine on E. coli growth (Fig. 1a, b) . The major effect of cysteine appears to be the prolonged lag phase, leading to the delayed entry of cells into log phase growth.
The inhibitory effect of cysteine was, however, observed even when cysteine was added in the middle of the growing phase ( Fig. 1c, d) . At 15 mM cysteine addition, growth retardation was observed after a considerable time lag, and the effect was more pronounced for the decR mutant ( Fig. 1c) . At 20 mM, however, cell growth was immediately inhibited for both the wild-type and decR mutant (Fig. 1d) . The inhibitory effect of cysteine on E. coli growth agrees with the effect of cysteine on S. enterica (Oguri et al., 2012) and P. ananatis (Takumi & Nonaka, 2016) . The growth retardation by cysteine was more significant for the decR mutant, indicating that DecR TF is needed in E. coli for survival in the presence of toxic cysteine. This finding indicates that one or more of the regulatory targets of uncharacterized DecR is involved in detoxification of cysteine.
Search for the regulation targets of DecR by genomic SELEX screening
In order to identify the set of regulatory target promoters, genes and operons under the direct control of DecR, we performed genomic SELEX screening using an improved method (Shimada et al., 2005) . In brief, the purified Histagged DecR was mixed with a collection of E. coli genome fragments 200-300 bp in length, and DecR-bound DNA fragments were affinity isolated. The original substrate mixture of genomic DNA fragments formed smear bands on PAGE, but after four cycles of genomic SELEX, DNA fragments with high affinity to DecR were enriched, forming sharper bands on PAGE gels.
In order to identify the whole set of targets under the direct control of DecR, we performed genomic SELEX analysis and the isolated fragment mixtures were analysed using an E. coli tiling array (Shimada et al., 2011c) . It is remarkable that only a single high-level peak was identified in the SELEX-chip pattern (Fig. 2) , in the promoter region of the yhaOM operon. From the amino acid sequence, YhaO was predicted to be an uncharacterized member of the HAAAP (hydroxy/aromatic amino acid permease) family within the APC (amino acid-polyamine-organocation) superfamily (Saier, 2014) , implying the involvement of YhaO in transport of amino acids or related metabolites. However, YhaM includes the serine/threonine dehydratase domain (Finn et al., 2014) that is involved in the initial step of serine/threonine catabolism. In Y. ruckeri, the cdsAB operon, a homologue of the E. coli yhaOM operon (the amino acid sequence identity is 92 % for cdsA and 67 % for cdsB), is involved in cysteine uptake and virulence (Mendez et al., 2011) . CdsA was identified as cysteine permease while CdsB is a homologue of CDS in M. jannaschii (Tchong et al., 2005; Mendez et al., 2011) . Taken together, we predicted involvement of YhaOM in importation and catabolism of cysteine in E. coli. We have so far performed genomic SELEX screening for regulatory targets for more than 200 TFs from a single E. coli strain K-12 W3110 [for details, see Ishihama et al. (2016) and the TEC database (https://shigen.nig.ac.jp/ecoli/tec/)]. One surprising finding is that the single-target TF is rather rare, even though most of E. coli TFs have long been believed to regulate only one specific target gene or operon (Ishihama, 2010 (Ishihama, , 2012 . Furthermore, these single-target TFs generally regulate adjoining genes that are organized into either the same transcription units with TF genes or divergent transcription units. Thus DecR is a unique TF that regulates only one specific yhaOM operon, which is, however, located a long distance of 1.8 Mbp away from the decR gene.
Binding in vitro of DecR to the yhaOM promoter
To confirm the recognition of yhaOM promoter by DecR, we performed a gel shift assay for detection of complex formation between a promoter segment of yhaOM and the purified DecR protein. Firstly, the probe for the yhaOM promoter segment was mixed with increasing concentrations of purified DecR and after incubation, immediately subjected to PAGE analysis (Fig. 3a) . With increasing DecR protein addition, the probe DNA containing the yhaOM promoter sequence disappeared, but a clear band of DecR-yhaOM promoter complex could not be observed (Fig. 3a,  lanes 8 and 9) . This result suggests that the binding specificity of DecR is low in the absence of effector(s) and unstable complexes did not form clear bands on PAGE. We next analysed the effect of cysteine addition on the in vitro binding activityof DecR to the yhaOM promoter. The gel shift assay was performed in the presence of a constant amount (8 µM) of DecR and increasing concentrations of cysteine. At low concentrations of cysteine, the yhaOM promoter segment still disappeared (Fig. 3b, lanes 2 and 3) as in the absence of cystine (see Fig. 3a ). Upon further addition of cysteine, these predicted unstable complexes were Level of DecR binding 1 000 000 1500 000 2 000 000 2500 000 3 000 000 3500 000 4 000 000 4500 000 dissociated, and instead a single band of stable DecR-yhaOM promoter complex was observed (Fig. 3b, lanes  7-10) . This result indicates that cysteine restrains non-specific binding of DecR to DNA and enhances its specific binding to the target sequence. We thus propose the participation of cysteine as an effector for controlling the regulatory activity of DecR.
Activation in vivo of DecR by cysteine: reporter assay
To confirm the regulation in vivo of the yhaOM regulon by DecR, we carried out a promoter assay using the lacZ reporter gene. To identify the specificity of effector ligand of DecR activation, we measured the activity of yhaOM promoter in the presence of 5 mM each of various amino acids (Fig. 4a ). The yhaOM promoter was activated only in the presence of cysteine. Focusing on cysteine, we next examined the level of DecR activation in the presence of various concentrations of cysteine. The activity of yhaOM promoter increased gradually up to 7-fold at 5 mM cysteine (Fig. 4b , filled bars). Above 10 mM cysteine, promoter activity decreased because of the decrease of cell growth caused by high levels of toxic cysteine.
To confirm the regulatory role of DecR in this cysteinedependent activation of the yhaOM promoter, we carried out the same promoter assay but using the decR knockout mutant. In the presence of effector cysteine, the activity of the yhaOM promoter did not increase in the decR mutant (Fig. 4b, open bars) . This finding clearly indicates the sensing of cysteine by DecR and the activation of yhaOM promoter by cysteine-bound DecR. The activation of DecR was not observed with use of thiosulfate (Fig. 4c) , which is also used as a sulfur source for the synthesis of cysteine in E. coli. This finding indicates that DecR recognizes cysteine but not thiosulfate, one of the substrates of cysteine synthesis.
DecR-dependent activation in vivo of yhaOM transcription: Northern blot assay
The yhaO and yhaM genes are considered to form a single operon (RegulonDB). Based on the gene size, the predicted bicistronic mRNA should be as long as approximately 2.9 kbp.To examine simultaneous activation of the yhaOM genes by DecR, we made attempts to detect the predicted bicistronic yhaOM transcript by Northern blotting analysis.
In the absence of cysteine, transcripts of the yhaO and yhaM genes could be detected in both wild-type and the decR mutant as detected with use of yhaO-and yhaM-specific probes (Fig. 5 ). In the presence of cysteine, Northern signals of both yhaO and yhaM transcripts increased to the same extent in the wild-type strain, but not in the decR mutant strain. Both yhaO and yhaM transcripts migrated essentially to the same position on PAGE. The size of these transcripts was estimated as being slightly shorter than 2.9 kbp as compared with the size of 2904 nucleotide 23S rRNA, and is in good agreement with the size predicted for bicistronic yhaOM mRNA. These results altogether indicate that the yhaOM operon is transcribed into a single bicistronic mRNA, and this transcription is activated by DecR in the presence of cysteine.
Role of the DecR regulon in detoxification of cysteine
To examine possible involvement of the newly identified yhaOM operon in E. coli, the only regulatory target of DecR, in the sensitivity control to cysteine toxicity, we examined the cysteine sensitivity of mutants lacking each of the yhaOM genes. As in the case of the decR knockout mutant (Fig. 1a,  b) , the growth of yhaO and yhaM mutants decreased in the presence of cysteine (Fig. 1e, f) . The increase of toxic effect of cysteine on the yhaO and yhaM mutants was as much as that on the decR mutant. Since the level of cysteine-dependent growth reduction was essentially the same between the yhaO and yhaM mutants, we predicted that both of these genes are involved in the detoxification of cysteine. These observations indicate the involvement of DecR in the sensitivity control to cysteine supposedly through regulating the expression level of the yhaOM operon. This finding agrees with the role of YhaOM homologues of Y. ruckeri because CdsAB, the YhaOM homologues, are involved in cysteine uptake and virulence in Y. ruckeri (Mendez et al., 2011) . In the case of M. jannaschii, the yhaM gene product was shown to carry the CDS activity (Tchong et al., 2005) .
Role of the DecR regulon in production of hydrogen sulfide
The yhaOM operon was found to be involved in cysteine detoxification. The major pathway of cysteine degradation is the conversion of cysteine into hydrogen sulfide, pyruvate and ammonium (Guarneros & Ortega, 1970; Awano et al., 2005; Oguri et al., 2012) . Besides the cysteine degradation pathway, hydrogen sulfide is also produced as a by-product in the pathway of sulfur utilization pathway by 3-mercaptopyruvate sulfotransferase (the sseA gene product) (Shatalin et al., 2011) . The generation of hydrogen sulfide by CDS depends on the presence of cysteine as a key substrate. The CDS pathway can thus be monitored by measuring the cysteine-dependent production of hydrogen sulfide. For detection of hydrogen sulfide, we used the staining method with methylene blue (Soutourina, 2001) . The five mutant strains, each lacking one of the hitherto predicted CDS genes, and three mutants, each lacking one of the newly identified DecR regulons (decR, yhaO and yhaM), were grown, in parallel with the wild-type strain, in a rich medium and the culture media were directly subjected to Wild-type E. coli K-12 BW25113 and its decR mutant JW0437 were grown in LB medium at 37 C. Total RNA was prepared at exponential phases after supplementation with or without 5 mM cysteine or thiosulfate and directly subjected to Northern blot analysis. DIG-labelled hybridization probes are shown on the left side of each panel. The position of 23S rRNA (2904 bases) is observed as a native shadow band in the upper and middle panels and is shown by an arrow. The amounts of total RNA analysed were examined by measuring the intensity of ribosomal RNAs. RNA purity is shown in the lowest panel.
the hydrogen sulfide assay (Fig. 6 ). In the absence of cysteine, none of these nine strains showed a detectable level of hydrogen sulfide (data not shown). In the presence of added 5 mM cysteine, the wild-type strain showed a significant level of hydrogen sulfide production (Fig. 6a ). In the mutants tnaA, cysM, cysK and malY, hydrogen sulfide generation decreased to 40-60 % of the wild-type level, but for the metC mutant it was 30 % higher than the wild-type level.
Next we measured the production of hydrogen sulfide for each of the DecR regulon genes. The production of hydrogen sulfide was undetectable throughout the growth of the decR mutant (Fig. 6a) , supporting the positive role of DecR in the activation of genes involved in hydrogen sulfide production. The production of hydrogen sulfide by the yhaO and yhaM mutants deceased to 15 and 9 %, respectively, of the wild-type level (Fig. 6a ). In the absence of DecR, neither YhaO or YhaM are expressed, thereby reducing the production of hydrogen sulfide to a level much lower than the mutants of individual genes. To further confirm the involvement of DecR in hydrogen sulfide production, we over-produced DecR by adding the decR expression plasmid. Hydrogen sulfide production was double that of the wild-type strain in the presence of added cysteine (Fig. 6b ). Taken together, these results indicate that the DecR regulon is involved in detoxification of cysteine by transporting it and converting it into hydrogen sulfide.
Evolution of the DecR regulon
DecR, the E. coli homologue of S. enterica CutR and P. ananatis CcdR, was identified as a single-target TF that regulates the yhaOM operon. Both CutR and CcdR regulate the cdsH and ccdA gene, respectively, both encoding CDS for detoxification of cysteine. The search for E. coli homologues of the cdsH and ccdA genes was, however, unsuccessful. The top homologue is CysM (cysteine synthase B), showing 28 % identity by BLAST search, which exhibited a low level of CDS activity. In addition to CysM, four more genes, those for MetC, TnaA, CysK and MalY, were identified in E. coli, which also exhibited CDS activity, albeit at low levels (Awano et al., 2005) . Moreover, even after disruption of all these five genes, the mutant still retained CDS activity (Awano et al., 2005) .
Here we identified that E. coli DecR also regulates the yhaM gene, the product of which was implied to carry the CDS activity. In fact, the YhaM homologue in M. jannaschii was shown to exhibit the CDS activity (Tchong et al., 2005) . In sequence, however, the yhaM gene is completely different from the S. enterica cdsH and P. ananatis ccdA genes. All these observations together indicate that the YbaO homologues (DecR in E. coli, CutR in S. enterica and CutR and CcdR in P. ananatis) all regulate the respective gene encoding the CDS enzyme, but the protein sequence of E. coli YhaM is different from S. enterica CdsH and P. ananatis CcdA. . Production of hydrogen sulfide from cysteine. Hydrogen sulfide production was determined for E. coli cultures. In the presence of N',N'-dimethyl-p-phenylenediamine dihydrochloride and FeCl 3 under acidic conditions, hydrogen sulfide is converted into methylene blue, which was directly measured at OD 670 nm. The upper panel shows the detection of methylene blue colour for each culture. (a) The production of hydrogen sulfide under presence of cysteine was measured for various E. coli strains as indicated. (b) The production of hydrogen sulfide for wild-type strain carrying the over-expression plasmid for DecR in the presence (+Cys) or absence (ÀCys) of cysteine.
The evolution of cysteine detoxification is an attractive subject to be solved: how the pairing is formed between one and the same regulator with a target gene encoding a different protein but with the same function. DecR is conserved in many varieties of Enterobacteriaceae while the yhaOM operon is conserved in Gammaproteobacteria but not in Betaproteobacteria (Takumi & Nonaka, 2016) . The genes encoding CD, such as cdsH and ccdA, are present in Salmonella, Yersinia, Enterobacter and Vibrio genus but not in E. coli, Shigella and Edwardsiella, suggesting that some of the Gammaproteobacteria must have lost the cdsH and ccdA systems in evolutionary history.
Attempts to overproduce cysteine with using E. coli have proved difficult (Ishiwata et al., 1989) , supposedly because unused excess cysteine is rapidly degraded by an as yet unidentified CDS of E. coli (Awano et al., 2005) . Genetic manipulation of the decR, yhaO and/or yhaM genes may be worthwhile to overcome this difficulty of setting the biological production system of cysteine using E. coli as a host. Manipulation of the DecR regulon might also be useful for a safety guard against toxic hydrogen sulfide gas. Low levels of hydrogen sulfide have, however, been reported to be effective as a universal defence against antibiotics in bacteria (Shatalin et al., 2011) . These observations together imply that the DecR regulon in E. coli plays an important role in the control of hydrogen sulfide generation.
